All the relevant data are within the paper.

Introduction {#sec005}
============

The temporomandibular joint (TMJ) is a complex load bearing joint in the craniofacial complex. Numerous investigators have shown that the TMJ is a load bearing joint and the uniqueness of the mandibular condylar cartilage (MCC) lies in its ability to be remodeled by mechanical loading\[[@pone.0160121.ref001]--[@pone.0160121.ref003]\]. While reduced loading and overloading causes cartilage degradation, a moderate level of activity is necessary for maintenance of cartilage integrity and joint homeostasis. Mechanical stimulation of the MCC has been shown to generate biochemical signals, which increases the anabolic activity of chondrocytes\[[@pone.0160121.ref004], [@pone.0160121.ref005]\].

The MCC is composed of four different zones: the fibrous, proliferative, pre-hypertrophic and hypertrophic\[[@pone.0160121.ref006]--[@pone.0160121.ref008]\]. The proliferative zone separates the fibrocartilaginous part of MCC with the more mature hyaline cartilage (pre-hypertrophic and hypertrophic zones of the MCC)\[[@pone.0160121.ref008]\]. The MCC is a load bearing musculoskeletal tissue, which distributes stress \[[@pone.0160121.ref009], [@pone.0160121.ref010]\]. The nature and duration of applied loads determine the biomechanical properties of the MCC. Small changes in the integrity, composition, or organization of cellular components of the cartilage will alter the matrix production and may eventually alter its mechanical properties. The literature lacks cellular details regarding altered loading of the MCC and none of the published studies have clearly elucidated the cellular morphometry and associated changes in the morphology of the cartilage and associated subchondral bone.

The *Dickkopf* family of genes encodes secreted proteins that primarily act as antagonists of the Wnt/β-catenin signaling pathway. Of the four main *Dkk* family members in vertebrates (Dkk 1,2,3,4), *Dkk3* differs from the rest, both structurally and in chromosomal location, indicating a functional divergence into two *Dkk* subfamilies\[[@pone.0160121.ref011]--[@pone.0160121.ref013]\]. The role of *Dkk3*, specifically in cartilage development, has not been investigated; however, upregulation of the gene was observed during pathological states. A comparison of gene expression profiles between normal and osteoarthritic cartilage demonstrated consistently upregulated *Dkk3* levels in osteoarthritis, suggesting its involvement in disease progression\[[@pone.0160121.ref014]\]. Addressing the question of whether *Dkk3* has a pro- or anti-inflammatory effect in this situation, it was recently shown that *Dkk3* inhibits matrix degradation by inflammatory cytokines in osteoarthritis, thus protecting the cartilage.

Our study employs a combination of strategies (Fluorescence activated cell sorting analyses, micro-CT, histology, morphometric measurements and gene expression) to study the effect of altered loading on the MCC. The primary objective is to study the effects of mechanotransduction at the cellular level after altered mechanical loading. The objectives were achieved by determining the spatial and temporal changes in Dkk3-eGFP, Col2a1-CFP, and Col10a1-RFP transgene expression, tissue remodeling (tartrate resistance acid phosphatase, TRAP), enzymatic indicator of mineralization (alkaline phosphatase, AP) and cartilage proteoglycan distribution (toluidine blue staining) after altered loading. We believe understanding the cellular changes due to altered mechanical loading of the MCC may contribute to our understanding of the mechanism underlying condylar growth modification in response orthodontic forces. In this research we utilized the forced mouth-opening model published by Sobue et al with minor modifications \[[@pone.0160121.ref005]\]. Our objectives were to study the 1) the cellular changes in the MCC with the altered loading; 2) tissue level changes in the subchondral bone and mineralized cartilage. Our null hypothesis is that there is no difference in cellular (cell proliferation and cell types), structural and morphometric characterization in the MCC and subchondral bone in the altered loaded model as compared to the healthy animals (control group).

Materials and Methods {#sec006}
=====================

GFP reporter mice {#sec007}
-----------------

The Institutional Animal Care Committee of the University of Connecticut Health Center approved this animal study. We used 4 week old (postnatally), male, triple transgenic mice (Dkk3 X Col2a1 X Col10a1) on a CD-1 background for the study. The Dkk3-eGFP transgene was obtained from the MMRRC repository (MMRRC: MGI: 4846992) ([http://www.mmrrc.org](http://www.mmrrc.org/)). Dkk3-eGFP transgene was developed from a bacterial artificial chromosome (BAC) containing eGFP in the first exon of the murine Dkk3 gene. The two other GFP transgenes (Col2a1-GFPcyan and Col10a1-RFPcherry) used in this study has been previously described\[[@pone.0160121.ref015], [@pone.0160121.ref016]\]. All three GFP reporters were bred to make triple transgenic mice used in this study\[[@pone.0160121.ref017]\]. After the experimental procedure animals were killed with CO~2~ asphyxiation; the MCC along with sub-chondral bone was quickly dissected free by cutting the muscular attachment without scrapping the cartilage of the condyle.

Experimental Procedure {#sec008}
----------------------

The mice were divided into 2 groups: (1) Experimental Group (n = 15): Altered loading through forced mouth opening continuous for 1hr/day for 5 days ([Fig 1](#pone.0160121.g001){ref-type="fig"}); (2) Control Group (n = 15): Unloaded group with incisor trimming (mandibular) every alternate day ([Table 1](#pone.0160121.t001){ref-type="table"}). The mice in experimental and control groups were anesthetized with a mixture of ketamine (90mg/kg) and Xylazine (13mg/kg). In the experimental group, the mice were loaded with the custom made springs as described by Sobue et al\[[@pone.0160121.ref005]\]. However, our springs were made from Connecticut New Archform (CNA) wire (0.32inch) and applied 0.5N of force as measure by the Correx tension gauge (Haag-Streit, Bern, Switzerland). All the mice were injected with alizarin (3μg/kg body weight) on the third day and calcein (3μg/kg body weight) on the fifth day intraperitoneally. Further they were injected with 5-ethnyl-2'-deoxyuridine (30mg/kg body weight) intraperitoneally, 24 hours before euthanization. The mice in the experimental and control groups were euthanized 24 hours after the force application on the 5^th^ day.

![Altered loading due to forced mouth opening.\
The compressive force on the mandibular condylar cartilage due to forced mouth opening. The loading of the MCC is symmetrical between the right and the left side of the TMJ.](pone.0160121.g001){#pone.0160121.g001}
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###### Number of Animals.

![](pone.0160121.t001){#pone.0160121.t001g}

  Mouse                               Tota(n)   Age(weeks)   FlowActivatedCellSorting (n)   Real-time PCR(n)   Micro CT(n)   Histolog(n)
  ----------------------------------- --------- ------------ ------------------------------ ------------------ ------------- -------------
  Experimental(Dkk3xCol2a1xCol10a1)   15        3--4         9condyles                      9condyles          12condyles    12condyles
  Control(Dkk3xCol2a1xCol10a1)        15        3--4         9condyles                      9condyles          12condyles    12condyles

Histomorphometry {#sec009}
----------------

The MCC of the TMJ along with the sub-chondral bone were fixed for 24hours in 10% formalin and were placed in 30% sucrose overnight and embedded in cryomedium (Thermo Shandon, Pittsburgh, PA) using disposable base molds (Thermo Shandon, Pittsburgh, PA). The medial surfaces of the samples were embedded against the base of the mold and were parallel to the floor of the mold. Specimens were stored at -20°C or -80°C before they were sectioned using Leica cryostat (Nussloch, Germany). Sections were 5 to 7μm in thickness and were transferred to slides using a tape transfer method\[[@pone.0160121.ref018]\]. Sequential sections were mounted using 50% glycerol buffered in PBS and were stored in the dark at 4°C. Sections were examined with an observer ZI fluorescent microscope (Carl Zeiss, Thornwood, NY, USA) using appropriate filters (Chroma Technology, Bellow Falls, VT, USA).

Flow Activated Cell Analyses {#sec010}
----------------------------

Nine mice in each experimental and control groups were used in this part of our study. Either the left or right MCC were used for the flow activated cell analyses. Immediately after euthanization the MCC was dissected under a dissection microscope and only the MCC was collected. Cells from the MCC were harvested by digestion with collagenase D (4mg/ml) (Roche Diagnostics, Mannheim, Germany) and dispase (4mg/ml) (Gibco, Grand Island, NY). Single cell suspensions were prepared by re-suspending cell pellets in 2 ml of fixed staining medium (HBSS+10mML of HEPES + 2%FBS) and passing through an 18-gauge needle followed by filtration through a 70μm strainer.

Single cell suspensions were analyzed on an LSRII flow cytometer (BD Biosciences, San Jose, California) and analyzed using BD FACS Diva analysis software (BD Biosciences). Gates for single cells and debris exclusion were made based on light scatter properties. For each sample, a minimum of 50,000 events was collected. Green fluorescent protein was excited using a 50mW 488nM laser and fluorescence detected from 505-550nM. Cyan fluorescent protein was excited using a 100mW 405nM laser and fluorescence detected from 425-475nM. mCherry was excited using a 100mW 561nm laser and fluorescence detected from 600-620nM.

Micro-CT {#sec011}
--------

Mineralized cartilage and subchondral bone was analyzed using micro-computerized tomography (SCANCO Medical AG, Brüttisellen, Switzerland). The samples were scanned in liquid, one at a time, with high resolution in a 16mm holder. Serial tomographic projections were acquired at 55kV and 145μA, with a voxel size of 6μm and 1000 projections per rotation collected at 300000μs. The DICOM images were transferred, segmented and reconstructed using the mimics software (Materialise, Belgium). In order to distinguish calcified tissue from non-calcified tissue, an automated algorithm using local threshold segmented the reconstructed grey scale images. Bone mineral density (BMD (mg/cc)), bone volume fraction (BVF (%)), trabecular thickness (Tb.Th (um)), and trabecular spacing (Tb.Sp (um)) were determined.

Morphological Measurement {#sec012}
-------------------------

Radiographs of the mandibles were taken with a MX20 Radiography System (Faxitron X-Ray LLC, Lincolnshire, IL, USA) at a 26Kv for 5 seconds. We performed morphometric measurements on x-rays of mice subjected to altered loading and compared it with control triple transgenic mice. The parameters measured and compared were: 1) mandibular length (condylion to incisor process); 2) Condyle head length (the perpendicular distance from condylion to a line traced from the sigmoid notch to the deepest point in the concavity of the mandibular ramus) and; 3) Condyle head width (distance from the most anterior to the most posterior point of the condylar articular surface). Measurements were made using Digimizer^®^ Image software (MedCalc Software, Mariakerke, Belgium). Each measurement was done in triplicate and then the average was calculated.

Histological Staining {#sec013}
---------------------

Our histological sections were stained following a previously described protocol \[[@pone.0160121.ref019]\]. The 5μm- 7μm MCC sections remain adherent to glass slides through all of the process of staining and imaging. The first step was to image for GFP signals Dkk3 (green), Col2a1 (blue) and Col10a1 (red) and bone labels alizarin complexone (red) and calcein (green). Baseline imaging of the sections was performed with the observer ZI fluorescent microscope (Carl Zeiss, Thornwood, NY, USA) using a yellow fluorescent protein filter (eYFP, Chroma Cat 49003ET, EX: 500/20, EM: 535/30), a cyan fluorescent protein filter (CFP, Chroma Cat 49001ET, EX: 436/20, EM: 480/40), and a RFPcherry filter that was also used for detecting alizarin complexone staining (mCherry, Chroma Cat 49009ET, EX: 560/40, EM: 630/75). In the next step, the coverslip was removed by soaking in PBS and the sections from both the altered loading group and unloaded group were stained for EdU (Life Technologies, Grand Island, NY) and imaged. Subsequently, sections were stained for Tartrate Resistant Acid Phosphatase (TRAP) using ELF97 (Life Tech, E6589), which generates a yellow fluorescent signal. After imaging for TRAP, the coverslip was removed and the same slide was stained for Alkaline Phosphatase (AP) activity using a fluorescent fast red substrate (Sigma, \#F8764-5G) and DAPI (Mol Probes \#D-1306) and re-imaged. Finally the slide was rinsed in distilled water, stained with toluidine blue, and reimaged.

RNA extraction and real-time PCR {#sec014}
--------------------------------

Nine mice (9 condyles) in each experimental and control groups were used in this part of our study. Either the left or right MCC were used for the RNA extraction and gene expression analyses. The MCC along with the subchondral bone was minced and total RNA was extracted with TRIzol reagent (Invitrogen Life Technologies, CA, USA) using manufacturer's protocol and as described previously\[[@pone.0160121.ref016]\]. The total RNA obtained was converted to cDNA using the ABI High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) following manufacturer's protocol. Real-time PCR was performed for the expression of different genes in separate wells (singleplex assay) of 96-well plates in a reaction volume of 20μl. The relative expression in a test sample compared to a reference calibrator sample (\^\^Ct method) was used for the data analysis. The primers for target genes were purchased from the Applied Biosystem. Gene expression analyses were performed for Bone Morphogenic Protein 2 (*BMP2*)\[[@pone.0160121.ref020]\], SRY-box containing gene 9 (*Sox9*)\[[@pone.0160121.ref021]\], Indian Hedgehog (*Ihh*) \[[@pone.0160121.ref020]\], Collagen type 2 (*Col2a1*)\[[@pone.0160121.ref021]\], Collagen type 10 (*Col10a1*)\[[@pone.0160121.ref021]\], Sclerostin (*Sost*)\[[@pone.0160121.ref022]\] and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control. The data were collected from three independent pooled samples (*n* = 9).

Image Quantification {#sec015}
--------------------

Cell proliferation in the MCC was quantified by measuring the EdU and DAPI positive pixels in the superficial and proliferative zone of the MCC and then calculating the percentage of EdU positive pixels over DAPI positive pixels. We examined TRAP activity in the MCC and subchondral bone by counting the number of yellow pixels (generated by ELF97) and dividing it by the total number of pixels in the subchondral bone region. Alkaline Phosphatase (AP) staining was quantified by measuring the distance from the most superficial cellular layer of MCC to the AP stain. Finally, sections were stained with Toluidine Blue (TB) to evaluate proteoglycan secretion within the MCC. TB stained area and TB distance mapping (in five different locations in the MCC) were also evaluated using adobe Photoshop (San Jose, CA)

Statistical Analysis {#sec016}
--------------------

Descriptive statistics were used to examine the distribution of bone volume fraction, tissue density, trabecular thickness, trabecular spacing, morphometric measurements (mandibular length, condylar length, condylar width), EdU positive cells, histomorphometric image analyses and gene expression analyses. A one Sample Kolmogorov-Smirnov test was used to examine the normality of data distribution. Outcomes were compared between the loaded and the unloaded group. Statistically significant differences among means were determined by unpaired t-test, with post hoc analysis by Mann-Whitney U test. All statistical tests were two sided and a p-value of \<0.05 was deemed to be statistically significant. Statistical analyses were computed using Graph Pad Prism (San Diego, CA, USA)

Results {#sec017}
=======

Altered Loading Causes Increase in chondrocytes proliferation and differentiation/maturation {#sec018}
--------------------------------------------------------------------------------------------

Our histology showed that Dkk3-positive green cells are present in the superficial layer of fibrocartilaginous zone of MCC ([Fig 2A](#pone.0160121.g002){ref-type="fig"}). The Col2a1-positive blue and Col10a1-positive red cells are present in the pre-hypertrophic and hypertrophic zone of the MCC, respectively ([Fig 2A](#pone.0160121.g002){ref-type="fig"}). Furthermore, Col10a1 cells were present at the tidemark and in the mineralized region of the cartilage. The alizarin complexone and calcein bone labels were not distinct in the MCC, but were completely separated from each other in subchondral bone ([Fig 2A](#pone.0160121.g002){ref-type="fig"}). The flow analysis revealed that there was a significant increase in the number of Col2a1-positive (p\<0.05) and Col10a1-positive (p\<0.05) expressing cells with altered loading ([Fig 2B](#pone.0160121.g002){ref-type="fig"}). However, our gene expression, analysis only showed significantly increased expression of Col10a1 (p\<0.05) and Sox9 (p\<0.05) in the loading group when compared to the control group ([Fig 3](#pone.0160121.g003){ref-type="fig"}). Furthermore, there was a decrease in the number of Dkk3-positive expressing cells with altered loading, but was not significantly different from the control group ([Fig 2B](#pone.0160121.g002){ref-type="fig"}). Furthermore there was increase in the number of EdU positive cells in the loaded group (65.5% increase) signifies increase in proliferation ([Fig 2C, 2D and 2E](#pone.0160121.g002){ref-type="fig"}).

![Altered loading leads to increased proliferation and differentiation.\
(2A): The histological section of mandibular condylar cartilage from a 4 week-old-mice (Dkk3xCol2a1xCol10a1). Dkk3-positive (green) cells are present in the superficial zone/ fibrocartilaginous zone of MCC, Col2A1-positive (blue) cells are present in the pre-hypertrophic region of mature cartilage and Col10A1-positive (red) cells are present in the hypertrophic zone, adjacent to tidemark. Distinct bone labels in the subchondral bone. (2B): Flow cytometry based cell analysis (percentage of total positive cells) (\*: p\<0.05 = significant difference between the altered loading and unloaded (control) group. (2C): EdU labeled proliferating cells were significantly higher in the loaded group when compared to control group (\*: p\<0.05 = significant difference between the altered loading and control group). (2D): Sagittal section of MCC in the control group showing EdU positive cells in the superficial layer and proliferating layer. (2E): Sagittal section of MCC in the altered loaded group showing more number of EdU positive cells in the superficial layer and proliferating layer. Histograms represent means ± SD. Scale bar = 500μm.](pone.0160121.g002){#pone.0160121.g002}

![Altered loading leads to increase in proliferation (Sox9) and differentiation markers (Col10a1 and BMP2).\
4-weeks-old male mice were exposed to altered and normal loading. Real time PCR analysis was performed for SRY-box containing gene 9(Sox9), Collagen 2 (Col2a1), Collagen X (Col10a1), Bone Morphogenic Protein 2 (BMP2), Indian Hedgehog (Ihh) and Sclerostin (SOST). Significant increase (p\<0.05) were seen for Sox9 and Col10a1 expression. Histograms represent means ± SD.](pone.0160121.g003){#pone.0160121.g003}

Altered Compressive Loading Causes Increase in Bone Volume and Trabecular Thickness {#sec019}
-----------------------------------------------------------------------------------

The *ex-vivo* micro-CT protocol provided sufficient spatial resolution for quantitative comparison of the structure and morphology of the mineralized cartilage and subchondral bone between the experimental and the control group. The analysis revealed a significant increase in the bone volume fraction (10.56%) (p\<0.05) with altered loading ([Fig 4A](#pone.0160121.g004){ref-type="fig"}). This was paralleled by an increase in trabecular thickness (p\<0.05) and decrease in trabecular spacing (p\<0.05) in the loaded group when compared to the control group ([Fig 4B and 4C](#pone.0160121.g004){ref-type="fig"}). The trabecular thickness increased by 6.07% and there was a 9.02% decrease in the trabecular spacing in the altered loading group.

![Altered loading of MCC increases the bone volume and trabecular thickness.\
Micro-CT and morphometric measurements of altered compressive loading and unloaded groups. (4A) micro-CT analysis of bone volume fraction, (4B) micro-CT analysis of trabecular thickness and, (4C) micro-CT analysis of trabecular spacing, (4D) Representative image of the morphometric parameters measured in the experimental and control groups, (4E) Mandibular length on the 2D x-ray (faxitron), (4F) Condylar head length on the 2D x-ray (faxitron) and, (4G) Condyle width on the 2D x-ray (faxitron). (\*: p\<0.05 = significant difference between the altered loading and control group. Histograms represent means ± SD.](pone.0160121.g004){#pone.0160121.g004}

Altered Loading Causes Increase in Mandibular Length, Condyle Head Length and Cartilage Width {#sec020}
---------------------------------------------------------------------------------------------

Altered compressive loading of the TMJ did cause an increase in morphometric parameters after 5 days of loading. The mandibular length in the loaded group (16.08 ± 0.21) was significantly greater (p\<0.05) than the unloaded group (15.08 ± 0.53) ([Fig 4D and 4E](#pone.0160121.g004){ref-type="fig"}). There was a 6.67% increase in the length of the mandible with the 5 days of altered loading. Similarly, condyle head length was significantly greater (p\<0.05) in the loaded group (4.01 ± 0.04) when compared to unloaded group (3.88 ± 0.09) ([Fig 4D and 4F](#pone.0160121.g004){ref-type="fig"}). Moreover, the condyle width was also significantly more (p\<0.05) in the loaded group (2.44 ± 0.10) then unloaded group (2.03 ± 0.15) ([Fig 4D and 4G](#pone.0160121.g004){ref-type="fig"}). The condyle head length and condyle width increased by 5.15% and 20.19% in the loaded group when compared to the unloaded group.

Altered Compressive Loading Causes Increase in Mineral apposition {#sec021}
-----------------------------------------------------------------

The altered compressive loading resulted in increased mineralized matrix apposition and increase in calcified cartilage, which was evident by TRAP ([Fig 5A, 5B and 5K](#pone.0160121.g005){ref-type="fig"}), alkaline phosphatase ([Fig 5G, 5H and 5L](#pone.0160121.g005){ref-type="fig"}) and toluidine blue staining ([Fig 6A, 6B, 6F and 6G](#pone.0160121.g006){ref-type="fig"}). In the altered loading ([Fig 5A and 5B](#pone.0160121.g005){ref-type="fig"}) and control group ([Fig 5D and 5E](#pone.0160121.g005){ref-type="fig"}) the TRAP positive cells were present in the proliferative zone of the MCC. However, the TRAP positive cells were much more in the loaded group ([Fig 5B](#pone.0160121.g005){ref-type="fig"}), when compared to control group ([Fig 5E](#pone.0160121.g005){ref-type="fig"}). We believe that these TRAP positive cells were not osteoclasts/macrophage specific, because the TRAP in the cartilage has a punctate intracellular distribution within a cell in contrast to the homogeneous distribution of TRAP within multinucleated osteoclastic cells in the subchondral bone. However, we were not able to detect any differences in the TRAP staining of the subchondral bone between the loaded ([Fig 5C](#pone.0160121.g005){ref-type="fig"}) and the Control group ([Fig 5F](#pone.0160121.g005){ref-type="fig"}).

Similarly, the AP stain was present in the proliferative zone and more towards the fibrocartilage layer in the loaded group ([Fig 5G and 5H](#pone.0160121.g005){ref-type="fig"}), when compared to the unloaded group ([Fig 5I and 5J](#pone.0160121.g005){ref-type="fig"}). This finding was further confirmed by the increase in Toluidine blue staining throughout the mineralized region of the fibrocartilage in the altered compressive loading group ([Fig 6A and 6B](#pone.0160121.g006){ref-type="fig"}).

![Altered loading increases TRAP activity and mineralization.\
The histological changes (TRAP & AP) within the mandibular condylar cartilage in the altered loaded and control groups. Fig 5A--5C shows staining for TRAP in the altered loaded group, (5A) TRAP stained sagittal section of the MCC along with the subchondral bone, (5B) TRAP positive cells (punctate appearance) cells in the proliferative zone of the MCC. Number and the intensity of the TRAP positive cells in the proliferative zone of MCC are more in the loaded group, when compared to the control group, (5C) TRAP positive cells in the subchondral bone of the loaded group. Fig 5D--5F show staining for TRAP positive cells in control group, (5D) TRAP stained sagittal section of the MCC along with the subchondral bone in the control group, (5E) TRAP positive cells (punctate appearance) cells in the proliferative zone of the MCC, (5F) TRAP positive cells in the subchondral bone of the control group. (5G-5H) AP staining in the altered loaded group, (5G) AP staining in MCC and subchondral bone of loaded group, (5H) AP staining in the proliferative and fibrocartilaginous zone of the MCC. (5I-5J) AP staining in the control group, (5I) AP staining in the MCC and subchondral bone of the control group, (5J) AP staining in the proliferative zone of MCC but not in the fibrocartilaginous region of MCC. (5K) Quantification of TRAP positive pixels, (5L) Quantification of distance map. Histograms represent means ± SD. \* Statistically significant difference between the altered loaded side and the control group. Scale bar = 500μm.](pone.0160121.g005){#pone.0160121.g005}

![Altered loading increases proteoglycan accumulation.\
The histological changes (TB Staining) within the mandibular condylar cartilage in the altered compressive loaded and control groups. Fig 6A--6B shows TB staining in the altered loaded group. Strong staining for proteoglycans is observed. The thickness of the mineralized cartilage is more. (6A) TB stained sagittal section of the MCC along with the subchondral bone, (6B) Intense proteoglycan staining in the fibrocartilaginous zone of the MCC, (6C-6D) TB staining in the altered unloaded group shows weaker staining when compared to the loaded group and less thickness of the mineralized cartilage. (6C) TB staining of the sagittal section of the MCC along with the subchondral bone in the unloaded group, (6D) thickness of mineralized fibrocartilage is less. (6F) Quantification of TB distance map, (6G) Quantification of TB stained area. Histograms represent means ± SD. \* Statistically significant difference between the altered loaded side and the control group. Scale bar = 500μm.](pone.0160121.g006){#pone.0160121.g006}

Discussion {#sec022}
==========

Mandibular condylar cartilage is affected by mechanical environment and it has been speculated that under stimulation and over stimulation can induce degenerative changes\[[@pone.0160121.ref023]\]. Adaptive remodeling of MCC is necessary for the homeostasis and proper functioning of the TMJ. In this study we have used the forced mouth-opening model to alter the mechanical environment of MCC of the TMJ. The altered loading in our study has resulted in specific and consistent differences in the MCC and subchondral bone. We used triple transgenic mice (Dkk3 X Col2a1 X Col10a1) as we wanted to study the cellular effects of altered loading on fibrocartilage and mature cartilage. Dkk3 is primarily expressed in fibrocartilaginous zone of the MCC while Col2a1 and Col10a1 are expressed in the pre-hypertrophic and hypertrophic zone of mature cartilage. We believe that the use of the triple colored transgenic mice and the histological features can contribute to an improved understanding of the molecular and cellular sequence of events after altered loading. The mandible is considered to be a class III lever; the condyle acts as a fulcrum, the masticatory muscles as applied force and bite pressure as a resistance\[[@pone.0160121.ref024]--[@pone.0160121.ref027]\]. Historically, loading of the TMJ is understood to be compressive in nature. i.e. the force applied at the loading surfaces of the MCC is compressive ([Fig 1](#pone.0160121.g001){ref-type="fig"}). Experimental and computer modeling studies have indicated that MCC is subjected to both compressive and tensile forces, and the forces vary significantly among different species and therefore is difficult to explain the precise forces on the MCC when the mechanical environment is altered\[[@pone.0160121.ref028]--[@pone.0160121.ref032]\]. In our study we have chosen 0.5N of force, as Sobue et al. have showed that force less than 0.5N has less anabolic effect on the MCC\[[@pone.0160121.ref005]\]. We applied the static force only for 5 days, as Lai et al. have showed that shorter duration of static compression (1hour each day for 14 days) on growth plate are anabolic\[[@pone.0160121.ref033]\].

Mandibular condylar cartilage has a heterogeneous cell population and consists of fibroblast like cells, fibrochondrocytes and chondrocytes\[[@pone.0160121.ref034]\]. The nature and behavior of these cells remains poorly understood during altered loading. The MCC plays a major role in absorbing the mechanical forces exerted by various oral functions and para-functions. It has been shown that loading of the MCC within the adaptive capacity may stimulate remodeling and increased synthesis of the extracellular matrix. Our flow activated cell analysis showed an increased number of Col2a1blue cells (30% increased when compared to control) and Col10a1red cells (100% increased when compared to control) with altered loading of MCC. Numerous in vitro studies in MCC and articular cartilage have shown an increase in cell differentiation and increased proteoglycan synthesis after mechanically loading the articular chondrocytes \[[@pone.0160121.ref035]--[@pone.0160121.ref039]\]. Similarly, Yang et al. in their *in vitro* study with articular chondrocytes showed a two-fold increase in type X collagen with mechanical loading\[[@pone.0160121.ref040]\]. Moreover, Sobue et al. showed an increase in Col2a1 and Col10a1 with 0.5N of compressive load on the MCC in mice \[[@pone.0160121.ref005]\]. Our experiments show similar results and it may be due to accelerated maturation/lineage progression with altered compressive load. Furthermore, we show a decrease in the number of Dkk3-positive (green) cells with loading and it may be due to finite number of Dkk3 cells present in the fibrocartilaginous zone of the MCC, and which may progress to type 1 collagen expressing cells thus accelerating the differentiation/lineage progression (data not shown). Dkk3 expression has been upregulated in osteoarthritis, suggesting its role in the pathogenesis of the diseases.

The altered compressive loading in the subchondral bone caused increased mineralization, increased bone volume fraction, increased trabecular thickness and decreased trabecular spacing. It has been postulated that subchondral bone adapts to applied load/stress. A sequential and coordinated response of modeling and remodeling control this adaptive response. Bone formation is hypothesized to be driven by the magnitude, rate, and duration of applied bone strain\[[@pone.0160121.ref041]\]. Our result shows an increase in bone volume and trabecular thickness with the static 0.5N load and a plausible reason could be that the strain felt by the subchondral bone cells was above the maximum strain threshold, thus leading to bone formation. The mechanism by which bone strain induces bone formation is unknown, however, microcrack propagation through the bone matrix has been shown to stimulate bone remodeling\[[@pone.0160121.ref042], [@pone.0160121.ref043]\]. Our results are contrary to Sobue et al. as they showed a decrease in bone volume and trabecular thickness with loading. These differences could possibly be explained by different strains of mice, as well as different gender and age \[[@pone.0160121.ref005]\].

Our morphometric measurement showed increased mandibular length, increased condylar length and increased mandibular condyle width. These increases in morphometric parameters with altered loading can be due to increased proliferation of chondrocytes and increased secretion of pericellular and extracellular matrix. Sobue et al. have shown increased proliferation with 0.5N of static compressive force on the MCC\[[@pone.0160121.ref005]\]. Similarly, Pirttiniemi et al. and Chen et al. showed that reduced loading leads to a lower number of proliferating chondrocytes and a thinner cartilaginous layer\[[@pone.0160121.ref004], [@pone.0160121.ref044], [@pone.0160121.ref045]\]. Our data shows that static compressive forces can be used to modify the growth of the mandible, however, whether the effects of the static force on the MCC are transitory, needs to be further evaluated.

Our histology shows increased mineralized matrix (toluidine blue & alkaline phosphatase staining) with altered loading, when compared to unloaded group. In vitro studies have demonstrated that static compressive loading leads to increased proteoglycan synthesis\[[@pone.0160121.ref046], [@pone.0160121.ref047]\]. Conversely, decreased loading of the MCC of the joint results in decreased proteoglycan synthesis\[[@pone.0160121.ref048]\]. In the MCC the toluidine blue staining is found in the pre-hypertrophic and hypertrophic zone. With altered loading the toluidine blue stain approaches the articular surface of the MCC, where as in the unloaded group it was in the pre-hypertrophic and hypertrophic zones of MCC. Concomitant with the increase in toluidine blue staining (proteoglycan accumulation), there was increase in the number of Col10a1 cells and Col2a1 cells.

We were surprised to see the TRAP activity in the cells within the uncalcified fibrocartilage. The TRAP activity was primarily in the proliferative zone of MCC and was more intense in the loaded group, when compared to the unloaded group. The punctate appearance of TRAP has been observed previously in the histology of cartilage and macrophages\[[@pone.0160121.ref049]\]. However, the role of TRAP in remodeling of the fibrocartilage prior to mineralization is still not clear. Similarly, we noted increased in AP staining in the altered compressive loading group. The AP activity in the altered loading group was synonymous with our micro-CT results, which showed increase in bone volume fraction in the loaded group when compared to unloaded group.

Limitations and future directions: Our study is the first study using combination of strategies to study the effect of altered loading on MCC and subchondral bone. The limitation of this study was our inability to accurately define the force felt by the MCC. However, TMJ is a complex joint and scientific literature lacks the force range, which could stimulate adaptive remodeling of the MCC. Another limitation of our study could be use of male mice as TMJ disorders are more prevalent in female mice, but numerous studies have been done in the past on female mice and we wanted to study whether the mandibular growth could be modified using altered loading model. Furthermore, there are equal numbers of male and female patients with small mandible. Our future studies are focusing on applying the altered load in an adult animal model and sacrificing the animals at different time points to study the concept of adaptive remodeling.

Conclusions {#sec023}
===========

In conclusion altered loading of the MCC leads to:

1.  Increased cellular proliferation (number of EDU positive cells) and differentiation.

2.  Increased mandibular length, condylar head length and condylar width.

3.  Increased subchondral bone volume, increased trabecular thickness and decreased trabecular spacing.

4.  Increased mineralization as evident by the TRAP, alkaline phosphatase and toluidine blue staining
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